We present the discovery and optical follow-up of the faintest supernova-like transient known. The event (SN 2019gsc) was discovered in a star-forming host at 53 Mpc by ATLAS. A detailed multi-colour light curve was gathered with Pan-STARRS1 and follow-up spectroscopy was obtained with the NOT and Gemini-North. The spectra near maximum light show narrow features at low velocities of 3000 to 4000 km s −1 , similar to the extremely low luminosity SNe 2010ae and 2008ha, and the light curve displays a similar fast decline (∆m 15 (r) = 0.91 ± 0.1 mag). SNe 2010ae and 2008ha have been classified as type Iax supernovae, and together the three either make up a distinct physical class of their own or are at the extreme low luminosity end of this diverse supernova population. The bolometric light curve is consistent with a low kinetic energy of explosion (E k ∼ 10 49 erg s −1 ), a modest ejected mass (M ej ∼ 0.2 M ) and radioactive powering by 56 Ni (M Ni ∼ 3 × 10 −3 M ). The spectra are quite well reproduced with radiative transfer models (TARDIS) and a composition dominated by carbon, oxygen, magnesium, silicon and sulphur. Remarkably, all three of these extreme Iax events are in similar low-metallicity star-forming environments. The combination of the observational constraints for all three may be best explained by deflagrations of near M Ch hybrid carbon-oxygen-neon white dwarfs which have short evolutionary pathways to formation.
INTRODUCTION
Supernovae of type Ia (SNe Ia) are widely accepted to be explosions resulting from thermonuclear runaway in degenerate carbon-oxygen (CO) white dwarfs (WDs) in close binary systems (Hoyle & Fowler 1960; Nomoto et al. 1984) . They constitute a remarkably homogeneous subclass of explosions that follow the width-luminosity relation (eg. Phillips 1993; Hamuy et al. 1996) , but the Corresponding author: s.srivastav@qub.ac.uk precise nature of the progenitor, and the details of the explosion mechanism, remain open questions (Howell 2011; Maoz et al. 2014) .
SNe Iax (Foley et al. 2013 ) are a peculiar subclass of Ia events, named after the prototypical Iax event SN 2002cx (Li et al. 2003) . SNe Iax are characterized by low ejecta velocities (∼ 2000 − 8000 km s −1 ) and typically low luminosities, although they span a wide range in luminosity, from M −14 for SN 2008ha (Foley et al. 2009; Valenti et al. 2009 ) to M −19 for SN 2008A (McCully et al. 2014a . Unlike other thermonu-clear events, late time spectra of SNe Iax do not exhibit a true nebular phase, with permitted lines of (mainly) Fe ii persisting well beyond a year past maximum light (Jha 2017, and references therein) . While a majority of SNe Iax show a positive correlation between peak luminosity and expansion velocity (McClelland et al. 2010) , notable outliers like SN 2009ku (Narayan et al. 2011) and SN 2014ck (Tomasella et al. 2016 ) are known to exist.
At the extreme faint end of the objects that are broadly classified as SNe Iax are the low energy explosions SN 2008ha and SN 2010ae (Foley et al. 2009; Valenti et al. 2009; Foley et al. 2010; Stritzinger et al. 2014) . With absolute peak magnitudes of M V = −14.2 and −13.8 ∼ > M V ∼ > −15.3 respectively, their physical nature has been disputed. A core collapse scenario has been suggested for SN 2008ha (Valenti et al. 2009 ). However this would require these two members of the Iax subclass to be distinct (along with possibly others), whereas the evidence seems to suggest a kinship with the more luminous members of the Iax family (Jha 2017) . A progenitor scenario involving a weak deflagration of a white dwarf leaving a bound remnant behind has been proposed (e.g. Jordan et al. 2012; Kromer et al. 2013; Fink et al. 2014) to explain the peculiarities of SNe Iax.
This Letter reports the discovery of SN 2019gsc (AT-LAS19mbg) by the ATLAS survey (Tonry et al. 2018) , and detailed follow-up with Pan-STARRS1, the Nordic Optical Telescope (NOT) and Gemini-North.
DISCOVERY AND FOLLOW-UP
SN 2019gsc (ATLAS19mbg) was discovered by AT-LAS on 2019-06-02.36 UT (MJD 58636.36) in the cyan filter, at a magnitude of c = 19.7 ± 0.2 (Smartt et al. 2019) . ATLAS is a twin 0.5m telescope system on the islands of Haleakala and Mauna Loa. With a field of view ∼29 deg 2 , each telescope surveys the sky robotically above declination −40 • with a cadence of 2 days (Tonry et al. 2018) . The images are obtained in the 2 filters cyan and orange, that are roughly equivalent to SDSS g +r and r +i, respectively. Using the Lasair broker , we note a prior detection by the Zwicky Transient Facility (ZTF; Bellm et al. 2019 ) on 2019-06-01.23 UT (MJD 58635.23), at g = 19.85 ± 0.17. The transient was not detected in ZTF images on MJD 58632.28 and 58628.30, to a limiting magnitude of 20.46 and 20.50, respectively, in the ZTF r filter. The transient was subsequently classified as a type Iax event by Leloudas et al. (2019) , who noted similarity of its spectral features with the Iax SN 2010ae. The host galaxy SBS 1436+529A has a redshift of z = 0.0113 or a heliocentric recessional velocity of 3388 km s −1 (Argudo-Fernández et al. 2015) . Correcting the velocity for the effects of Virgo infall, Great Attractor and Shapley supercluster, we adopt a distance modulus of µ = 33.60 mag (assuming H 0 = 73 km s −1 Mpc −1 ).
Follow-up photometry (Table 1) was obtained using the 1.8m Pan-STARRS1 telescope (Chambers et al. 2016) on Haleakala equipped with a 1.4 Gigapixel camera (GPC1, 0.26 arcsec pixel −1 ). Images were obtained in the grizy P1 filters (Tonry et al. 2012 ) and processed with the Image Processing Pipeline (IPP) described in Magnier et al. (2016a) . Due to SN 2019gsc being superposed to its host galaxy, image subtraction was essential for all epochs of photometry. The Pan-STARRS1 Science Consortium (PS1SC, Chambers et al. 2016 ) 3π survey data were used as templates, point-spread-function fitting photometry was carried out and photometric calibration was done against PS1 reference stars in the field (Waters et al. 2016; Magnier et al. 2016b ).
Follow-up spectra (Table 2) were obtained with the Alhambra Faint Object Spectrograph and Camera (AL-FOSC) on NOT during five epochs between −0.9 d and +15.2 d relative to g-band maximum, using grism 4 (3300 − 9600Å) and a 1.3 slit yielding a resolution R ≈ 400. The extractions, wavelength and flux calibrations were applied using custom iraf scripts. A Gemini spectrum was obtained on +25.5 d using the GMOS-N instrument. The GMOS spectrum, obtained using the R400 grating (R ≈ 1900) and a 1 slit, was reduced with the Gemini iraf package. Synthetic photometry was computed for the spectra using the Synthetic Magnitudes from Spectra code (sms; Inserra et al. 2018 ) and the spectral fluxes were scaled to match the multi-band Pan-STARRS1 photometry. Pan-STARRS1 images of SN 2019gsc are shown in Figure 2 , along with the NOT r-band image and slit positions for the NOT spectra.
LIGHT CURVES AND LUMINOSITY

Line of sight reddening
In general, colors of SNe Ia around maximum light and the color evolution after maximum can be used to estimate the host galaxy extinction (eg. Wang et al. 2005; Folatelli et al. 2010; Burns et al. 2014 ). However, these empirical relations are unreliable for SNe Iax due to a large scatter in their intrinsic colors (Foley et al. 2013) . From the NASA/IPAC Extragalactic Database (NED), the Galactic extinction along the line of sight for the host galaxy SBS 1436+529A is A V = 0.026 mag (Schlafly & Finkbeiner 2011) , for a standard reddening law with R V = 3.1. We do not detect any obvious Na i absorption in the optical spectra at the host galaxy redshift, indicating a low host reddening for SN 2019gsc. Thus, we as- Figure 1 . Top: Pan-STARRS target, reference, difference and color composite images of the field for SN 2019gsc. The g-band target image was acquired on MJD 58643.3 (+4.4 d since g-band maximum). Bottom: NOT r-band image of SN 2019gsc (cross) and its host galaxy, taken on MJD 58638.0 (−0.8 d since g-band maximum). Also shown is the orientation of the slits of the NOT spectra. The circles mark those regions with bright nebular emission lines used to estimate the gas metallicity (Section 4.1). ley et al. (2009) . In the case of SN 2010ae, prominent Na i absorption in the spectra at the host galaxy redshift indicated a significant, albeit highly uncertain host . Correcting the magnitudes for the extinction values stated above, we note that the (g −r) color evolution of SNe 2019gsc and 2008ha is very similar. Adopting a moderate extinction value of E(B − V ) tot ≈ 0.30 mag, we see that the (g − r) color evolution of SN 2010ae matches that of the other two events more closely (Figure 2) . Thus, we adopt E(B − V ) tot = 0.30 mag for SN 2010ae in the subsequent analysis.
Pan-STARRS1 light curves
The Pan-STARRS1 (PS1) grizy P1 light curves of SN 2019gsc are shown in Figure 2 (top left panel). The peak magnitudes and epochs in different bands, and the post-maximum decline rates were estimated by fitting lower order polynomials to the light curves. SN 2019gsc peaked in the g-band on MJD 58638.8 ± 0.4, at an apparent AB magnitude of m g = 19.88 ± 0.10. The peak in the redder riz bands occurred at later epochs, at +2.3, +3.9 and +4.4 days since g-band maximum, respectively. The light curves of SNe Iax are known to be quite heterogeneous (Magee et al. 2016) . SNe Iax typically show a fast decline in their light curves relative to normal SNe Ia, with decline rates comparable to the transitional and subluminous SN 1991bg-like population (Stritzinger et al. 2015) . The griz light curves of SN 2019gsc are compared with those of SNe 2010ae and 2008ha , two of the faintest known Iax events, in Figure 2 (panels 3-6). The light curves were normalized and shifted along the time axis to correspond to the epoch of their respective g-band maxima.
Bolometric Light Curve and Explosion Parameters
The peak absolute magnitudes of SN 2019gsc corrected for extinction (section 3.1) and assuming a distance modulus of 33.60 mag (section 2), M peak g = −13.75 ± 0.18 and M peak r = −13.97 ± 0.16, making it one of the faintest SNe Iax ever observed, if not the faintest.
The bolometric light curve of SN 2019gsc was calculated from the multi-band PS1 photometry using the SuperBol code (Nicholl 2018) . To account for missing flux in the UV and IR bands, the code also performs a blackbody fit to the spectral energy distribution (SED) for each epoch, where a suppression factor for the UV flux can be supplied to account for line-blanketing effects. The quasi-bolometric light curve of SN 2019gsc (3900 − 11000Å), along with the full blackbody bolometric fit (1000 − 25000Å), is shown in Figure 3 . We recalculated the blackbody bolometric light curves of SNe 2008ha and 2010ae from the data in Foley et al. (2009 , and Stritzinger et al. (2014) for consistency. Distance moduli of µ = 31.64 mag for SN 2008ha (Foley et al. 2009 ) and µ = 30.58 mag for SN 2010ae were assumed, along with extinction corrections to the broadband as discussed in Section 3.1. SN 2019gsc is an exceptionally low luminosity event, with a peak bolometric luminosity of L peak ≈ 5.1 × 10 40 erg s −1 for the quasi-bolometric light curve, and L peak ≈ 7.4 × 10 40 erg s −1 for the full blackbody bolometric light curve (Figure 3) .
The bolometric light curves were fit with an Arnett model (Arnett 1982) , as formulated by Valenti et al. (2008) , to estimate the explosion parameters such as 56 Ni mass (M Ni ), ejecta mass (M ej ), and kinetic energy (E 51 , expressed in units of 10 51 erg). The model assumes homologous expansion, spherical symmetry, optically thick ejecta, and no mixing for 56 Ni. The free parameters were M Ni , M ej , and the rise time t rise of the bolometric light curve, while we fixed the optical opacity κ opt = 0.1 cm 2 g −1 . The photospheric velocity was fixed at v ph = 3500 km s −1 (see Section 4). Fitting the quasi-bolometric (3900 − 11000Å) as well as the blackbody bolometric (1000 − 25000Å) light curve yields M Ni ∼ (1 − 2) × 10 −3 M , M ej ∼ 0.1 − 0.3 M and E 51 ∼ 0.01 − 0.02. The fit favours a low rise time of t rise ≈ 10 days, similar to that inferred for SNe 2008ha (Foley et al. 2009 ) and 2010ae (Magee et al. 2016 ).
We note that the peak quasi-bolometric flux is ∼ 70% of the peak blackbody bolometric flux for SN 2019gsc, indicating a significant contribution from the UV and NIR. In contrast, the UV and NIR fraction was seen to be only ∼ 10% for the transitional Ia SN 2011iv ). This could imply either a higher intrinsic UV contribution for 2019gsc, or that the UV suppression factor fed to SuperBol was too low, or both.
A 
SPECTRAL MODELLING
The spectra of SN 2019gsc (Figure 4 ) resemble the faint SNe Iax 2008ha (Foley et al. 2009; Valenti et al. 2009 ) and 2010ae ). The earliest spectrum (−0.9 d) exhibits a blue continuum with T bb ≈ 11000 K and Si ii λ6355 velocity of ∼ 3800 km s −1 , decreasing to T bb ≈ 8000 K and velocity of ∼ 1600 km s −1 at +15 d.
We used the 1D radiative transfer code tardis (Kerzendorf & Sim 2014; Kerzendorf et al. 2018) to produce synthetic spectra to compare with the observed data. tardis has been previously used to model spectral sequences of SNe Iax in order to investigate the chemical structure (Magee et al. 2016 (Magee et al. , 2017 Barna et al. 2017 Barna et al. , 2018 and presence of helium in the ejecta (Magee et al. 2019) . tardis takes a model for the ejecta with arbitrary density and abundance profiles as input, along with a luminosity and time since explosion. A sharp photosphere emitting a blackbody continuum is assumed, and the region above the photosphere is divided into multiple, spherically symmetric cells. The assumption of a sharp boundary between optically thick and thin regions in tardis limits its applicability to the early, photospheric phase. The synthetic spectrum is calculated by iterative computation of the ionization (Kromer et al. 2015) . The error bar below the legend represents the systematic uncertainty on the luminosity for ±0.15 mag uncertainty on the distance modulus. and excitation states in each of the cells (Kerzendorf & Sim 2014) . For each spectral epoch of SN 2019gsc in our fit, only the time-dependent parameters (luminosity, time since explosion, inner boundary of the computation volume, and mass fractions of radioactive isotopes) were varied. The luminosity supplied to the input file was calculated by interpolating the quasi-bolometric light curve at the desired epochs. An exponential density profile was adopted for the SN ejecta, where the density profile is a function of velocity and time since explosion, expressed as
Here, we set t 0 = 2 days, ρ 0 = 2 × 10 −11 g cm −3 and v 0 = 3000 km s −1 . The epoch of explosion, t exp , was assumed to be MJD ∼ 58630.5, roughly the mean of the two deep ZTF non-detections prior to discovery. For the abundance, we adopt the simplest case of a uniform abundance profile in each spherical cell. The outer velocity boundary of the models was set to 6000 km s −1 . The model is composed primarily of carbon and oxygen, together constituting ∼ 96% of the total mass.
The 4 early spectra of SN 2019gsc modeled with tardis (7.5 to 16.4 days past explosion) are shown in Figure 5 , along with the model synthetic spectra. The continuum is well reproduced in the synthetic spectra, along with the primary spectral features of IMEs such as O i, Si ii and S ii. However, Fe features around 5000Å are not fit well, especially in the spectrum observed 9.5 days after explosion. The best-fit parameters and mass fractions of various elements in the models are listed in (Foley et al. 2009; Valenti et al. 2009 ) at similar epochs. The spectra were corrected for redshift and line of sight extinction as described in the text.
small amounts (X ≤ 10 −5 ) of Na, Ca, Cr, Sc and Ti were also used. The total mass in our tardis model, summed over all the spherical shells in the computation volume amounts to ≈ 0.01 M , a factor of 10 lower than the ejecta mass estimate from the bolometric light curve. This is consistent, since a significant amount of mass is expected to be below the effective photosphere delineating the optically thick and thin regions of the ejecta. The upper limit on the mass fraction of 56 Ni from the model is ∼ < 1%, or M Ni ∼ < 10 −4 M , consistent with the 56 Ni mass estimate from the bolometric light curve.
Host metallicity
While SNe Iax mostly do not appear to correlate with low metallicity environments (Magee et al. 2017 In order to estimate the host metallicity for SN 2019gsc, we used the NOT spectra obtained at different dates. All spectra had different slit orientations, as they were obtained at parallactic angle but at different hour angles (Fig. 2) Table 3 . Best-fit parameters and mass fractions of different chemical elements in the tardis models for SN 2019gsc. vinner denotes the inner boundary of the computation volume and texp is the time since explosion. The emergent luminosity (L) was fixed by interpolating the bolometric light curve at the relevant epochs. These values suggest a very metal-poor environment (15% solar) for SN 2019gsc, among the most metal-poor environments for the Iax sample (Lyman et al. 2018 ).
In addition, the extracted spectra at regions A, B, D and E also show very strong Hα and [O iii] λ5007 emission lines (equivalent widths of ∼ 100 − 200Å), suggesting that SN 2019gsc is in proximity to regions undergoing a starburst.
DISCUSSION AND CONCLUSIONS
SN 2019gsc is probably the least luminous supernovalike transient discovered, with a peak luminosity M g ≈ −13.8 ± 0.2 mag. It shows strong photometric and spectroscopic similarities to SNe 2008ha and 2010ae, which had peak luminosities of M g = −14.01 ± 0.14, −13.54 ∼ > M g ∼ > −15.33 . The explosion parameters estimated from the bolometric light curves of all three are also physcially similar. Fitting the bolometric light curve of SN 2019gsc with an energy deposition model suggests M Ni ∼ (1.4 − 2.4) × 10 −3 M , M ej ∼ 0.1−0.2 M and kinetic energy E 51 ∼ 0.01−0.02. Furthermore, somewhat remarkably, all three occur in blue, star-forming host galaxies, with indications of moderately low to extremely low metallicity host environments. These three SNe represent the extreme low luminosity and low energy end of the population of supernovae classed as type Iax. However the peculiar properties that they all have in common now raises the question if they are physically distinct explosions from the bulk of the SN Iax population.
Pure deflagrations of WDs (Branch et al. 2004; Phillips et al. 2007 ) have been proposed to account for the low explosion energy and luminosity of SNe Iax in general. Hydrodynamic 3D simulations of weak deflagrations can fail to completely unbind the WD and are predicted to leave a 'bound' remnant behind (Jordan et al. 2012; Kromer et al. 2013 ) However, the extremely low luminosities of SNe 2019gsc, 2010ae and 2008ha place them below the range of ejected 56 Ni masses predicted by existing sets of deflagation models for CO WDs (Jordan et al. 2012; Fink et al. 2014) . One potential means to obtain an extremely low 56 Ni ejected mass was proposed by Kromer et al. (2015) . A deflagration simulation involving a near-M Ch hybrid carbonoxygen-neon (CONe) WD yielded M Ni ∼ 3 × 10 −3 M , consistent with the luminosity of SNe 2019gsc, 2010ae and 2008ha. A very low total ejecta mass resulted from these simulations. (M ej ∼ 0.01 M ), which is a factor 20 lower than the mass we infer from the light curves. The comparison in Figure 3 illustrates the point that the ratio of M Ni /M ej from the Kromer et al. (2015) CONe WD explosion simulation is significantly higher than that inferred from the observed light curves. The CO deflagrations of Fink et al. (2014) produce higher ejecta masses, more compatible with the data (e.g. their N3def model), but the 56 Ni mass from that simulation is too high. A uniform composition is sufficient for satisfactory tardis fits to the early spectra. This implies a mixed ejecta rather than a layered ejecta composition. The turbulent mixing in deflagration is expected to prevent distinct velocity layers containing different elements (Gamezo et al. 2003) . Hence, the good agreement found with the uniform abundance tardis model would favour a deflagration rather than detonation explosion.
Binary population synthesis studies have shown that hybrid CONe WDs with helium-burning donors have short delay times of 30 − 180 Myr (Wang et al. 2014; Kromer et al. 2015) . This is consistent with the fact that Iax events are generally associated with young stellar populations (Foley et al. 2014; McCully et al. 2014b; Lyman et al. 2018) . The fact that all three of these extremely low luminosity Iax are in apparently young stellar populations suggests this channel might be promising. Our observations do not yet rule out a massive star origin for these faint events. A weak core-collapse of a stripped, massive star involving fallback on to the central remnant was proposed for SN 2008ha (Valenti et al. 2009; Moriya et al. 2010) .
The discovery of a blue point source in pre-explosion HST images of the type Iax SN 2012Z led McCully et al. (2014b) to argue for a helium-rich donor as the binary companion to the WD, rather than a massive star. This scenario is consistent with the detection of helium features in the spectra of potential Iax events 2004cs and 2007J (Foley et al. 2013 (Foley et al. , 2016 , although their association with SNe Iax has been disputed (White et al. 2015) . Although we do not invoke helium in our tardis model, this does not rule out its presence in the ejecta (see Magee et al. 2019) .
Future detection and characterisation of 'bound' remnants at the sites of Iax explosions (Zhang et al. 2019) , and unambiguous spectroscopic confirmation of the companions of Iax progenitors as helium stars, would help resolve these questions. Further theoretical simulations of deflagrations are required to explore if the model parameters can produce the observed M Ni /M ej ratio and better reproduce the observed light curves. The balance between how much 56 Ni is trapped in a bound object, compared to how much is ejected needs further investigation. In addition, the energy radiated from a 'bound' object may be slower than from a freely expanding remnant, which would help slow the LC evolution.
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